Effect of flotation conditions on froth rheology by Li, Chao et al.
Accepted Manuscript
Effect of flotation condition on the froth rheology
Chao Li, Kym Runge, Fengnian Shi, Saeed Farrokhpay
PII: S0032-5910(18)30777-0
DOI: doi:10.1016/j.powtec.2018.09.050
Reference: PTEC 13724
To appear in: Powder Technology
Received date: 26 April 2018
Revised date: 21 August 2018
Accepted date: 20 September 2018
Please cite this article as: Chao Li, Kym Runge, Fengnian Shi, Saeed Farrokhpay ,
Effect of flotation condition on the froth rheology. Ptec (2018), doi:10.1016/
j.powtec.2018.09.050
This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Effect of flotation condition on the froth rheology  
Chao Li
1
, Kym Runge
1
, Fengnian Shi
1
, Saeed Farrokhpay
1,2*
 
1
 Julius Kruttschnitt Mineral Research Centre, The University of Queensland, Brisbane, Queensland 4068, 
Australia 
2
 GeoRessources, University of Lorraine, CNRS, CREGU, UMR 7359, 2 rue du Doyen Roubault, 54518 
Vandoeuvre-lès-Nancy, France 
 
 
*Corresponding author  
Tel:  +33 3 7274 4535 
Email: saeed.farrokhpay@univ-lorraine.fr 
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
 
Abstract 
Froth flotation has been widely used for the separating and concentrating valuable minerals in an ore. 
Froth rheology is an important parameter that affects flotation performance as it affects froth 
transportation. This paper reports the results of an investigation into the effect of flotation conditions 
on the froth rheology, in particular the influence of frother dosage and feed grade. A two-factor 
factorial experiment program was performed in a 20 L continuously operated flotation cell. It was 
found that, within the boundaries of this work, varying the frother dosage has no significant influence 
on the froth rheology, while the feed grade exhibits a positive correlation with the froth viscosity. In 
line with the previous study, the froth rheology has a negative correlation with the bubble size, and a 
positive correlation with the fraction of the bubble lamellae covered by solid particles. The froth 
rheology model previously developed by the authors (as a function of froth properties) was also 
validated in the current work.  
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1. Introduction 
Froth flotation is the most widely industrial process to separate and concentrate valuable mineral in an 
ore [1]. Flotation is typically carried out in a flotation cell that contains both pulp and froth phases. In 
the pulp phase, the hydrophobic particles are attached to the bubbles and carried to the froth phase. 
The froth phase further concentrates the collected particles and transports them out of the cell. During 
froth transportation, bubbles coalesce and burst, resulting in the detachment of some particles from 
bubble surfaces. Some of these detached particles drain back to the pulp phase while others remain 
within the froth and report to the concentrate.   
The importance of the froth phase in determining the flotation recovery has been recognised for many 
years [2, 3]. Froth recovery has been widely used as an indicator of the froth efficiency to recover the 
valuable minerals during froth transportation [4-6]. Froth recovery is defined as the fraction of 
particles attached to air bubbles entering the froth phase that survive and are recovered in the 
concentrate [7]. Froth recovery is related to froth retention time and froth stability [8].  
The importance of froth rheology in evaluating flotation performance and modelling the froth 
transportation zone has been only more recently recognized [9]. Moudgil [10] observed a direct 
correlation between froth viscosity and flotation recovery, and an inverse correlation between froth 
viscosity and phosphate mineral grade (in a laboratory flotation cell). A correlation between froth 
rheology and the grade of hydrophobic and hydrophilic minerals (chalcopyrite and quartz, 
respectively) in a flotation cell has also been reported by Shi and Zheng [11]. Subsequently, Zheng, et 
al. [12] highlighted the importance of froth rheology in modelling froth transportation. Their model’s 
poor prediction of froth transportation at deep froth depths was attributed to the change in froth 
viscosity which was not considered in the model. Recently, Harris [13] proposed a model to predict 
the froth height above the cell launder lip by taking froth rheology into account, in terms of viscosity 
and yield stress. However, this model has not been fully validated in flotation systems. 
Li, et al. [14] have recently used a new vane-in-cup style method of measuring froth rheology to study 
the effect of flotation operating conditions on the froth rheology. This method is able to measure froth 
rheology by rotating the froth between blades as a solid body and avoiding wall slip at the boundary 
which would otherwise happen in a bob-in-cup system [15, 16]. Feed grade (copper grade of an 
artificial ore, a mixture of chalcopyrite and silica), feed particle size, froth height, superficial gas 
velocity and impeller speed were varied. It was found that flotation operating conditions affected froth 
rheology through their influence on the bubble size and the fraction of bubble lamellae covered by 
solids in the froth [17]. A froth rheology model as a function of froth properties was developed [17], 
and the effect of froth rheology on the froth and flotation performance was discussed [18].   
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Another variable that can affect the bubble size is frother dosage. However, the influence of frother 
dosage on froth rheology has never been studied. In addition, while in the previous study, the authors 
have noted a direct effect of the feed grade (i.e. the content of hydrophobic solids in the feed) on froth 
rheology, the proportion of chalcopyrite in the chalcopyrite/silica mixture was just varied over a 
relatively narrow range (0.2% - 1.8%). This may not represent the variation in the grade of 
hydrophobic solids observed throughout a whole flotation circuit consisting of roughers, scavengers 
and cleaners. Hence, a wider range of feed grade needs to be investigated.  
The present work was designed to study the effect of flotation conditions on the froth rheology further, 
in particular the influence of frother dosage and feed grade. A two-factor factorial experiment 
program was performed. In addition, the data generated were used to validate the relationship between 
froth rheology and bubble size and the fraction of bubble lamellae covered by solids as well as the 
froth rheology model that was developed previously.  
2. Experimental methods 
2.1 Flotation tests 
The flotation tests were carried out in a 20 L flotation cell with cross sectional dimensions of 30 by 
30 cm. The cell was operated continuously in a closed circuit by recycling the concentrate and tailing. 
The flotation feed was a mixture of chalcopyrite and silica. The chalcopyrite was purchased from Geo 
Discoveries as bulk rock while the silica was purchased from Sibelco Australia as fine particles 
(P80 = 73 μm). Before each flotation test, a measured quantity of chalcopyrite was ground in a rod 
mill to a P80 of 80 µm and it was mixed with silica to achieve the desired feed grade. The mixture 
suspension was then diluted with water in a conditioning tank. The solids concentration was 
maintained at 40 wt% in all the tests. Sodium Ethyl Xanthate (2.0 g/t) and Dowfroth 250 were used as 
the collector and the frother, respectively. For all the tests, the froth depth below the lip was kept at 7 
cm, the superficial gas rate at 1.4 cm/s, and the impeller speed at 900 rpm.  
The factors studied in this factorial designed experimental program and their levels are shown in 
Table 1. The feed grade was varied between three levels and the frother dosage between two levels. 
Note that the feed grade represents copper grade in the feed in this study. The ranges of values of 
these two variables were carefully chosen based on the values typically observed in industrial 
applications, and the limit of the experimental system.  
2.2 Froth rheology measurement 
The froth rheology measurements were conducted using a 6-bladed vane (22 mm diameter and 16 mm 
height) attached to an air-bearing rheometer (Anton Paar DSR301). A tube (74 mm diameter and 
150 mm height) was used to encircle the vane to eliminate the effect of the horizontal froth flow [14]. 
The vane was positioned in the middle of the cell with its upper edge immersed 2 cm into the froth. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
During each froth rheology measurement, the torque values were measured by evenly increasing vane 
speeds from 1 rpm to 15 rpm (i.e. 1.0 rpm, 4.5 rpm, 8.0 rpm, 11.5 rpm and 15.0 rpm), with a 5 s 
interval between each measurement. A pre-shearing was conducted before each measurement to 
eliminate the inertia effect of the vane on the measurement. A total of five torque values were 
measured in each test. Each series of torque measurements was replicated five times to determine the 
average value. The variation of the torque measurement at each vane speed was determined and found 
to be reasonably low [19]. The measured raw data obtained from the vane rheometer in these six 
flotation tests were converted to shear rate and shear stress using the methods developed by Li, et al. 
[14]. The torque was converted to shear stress based on the vane geometry, and the vane speed was 
converted to shear rate based on the calculation that vane was rotated in an infinite scenario.  
2.3 Bubble size measurement 
A digital video camera (Sony ACC-FV50B) was mounted above the flotation cell to record the froth 
texture. The video images were analysed by contracted software [20] to determine the Sauter mean 
diameter of bubbles. A single light source was mounted above the froth surface as this results in a 
single bright light on each bubble - a requirement of the froth analysis algorithm.  
2.4 Measurement of the fraction of bubble lamellae covered by solids  
In the previous study, Li, et al. [17] estimated the fraction of bubble lamellae covered by 
solids indirectly based on some assumptions. There was a concern that the method of estimating the 
bubble loading underestimated the true value [17], and influenced the determination of the 
relationship between froth rheology and the fraction of bubble lamellae covered by solids. In these 
factorial tests, a different approach was used to calculate the fraction of bubble lamellae covered by 
solids directly. Sadr-Kazemi and Cilliers [21] developed a method to determine bubble loading by 
touching the top surface of an individual froth bubble with a glass slide, and measuring the bubble 
surface area and the wet and dried masses of the attached solids. In this work, a glass slide (76.0 mm x 
50.5 mm) was also employed, and carefully placed on the froth surface to collect samples and enable 
calculation of the mass of solids attached to the bubble lamellae (i.e. bubble loading). Rather than 
only touching the top surface of an individual bubble, the slide was touched to multiple bubbles each 
time. The particle size distribution of the concentrate was also measured, using a Malvern Mastersizer.  
The combined information of bubble loading and particle size distribution was used to calculate the 
fraction of the lamellae covered by solids. It should be noted that for simplification, some assumptions 
have been made. It is assumed that only the top layer of bubbles was collected on the glass slide. 
Further, the bubbles on the top layer burst when touched by the glass slide, resulting in only half of 
the surface area of the bubbles being collected to the glass slide, as shown in Figure 1.   
The number of bubbles touched by the glass slide can be calculated by Equation 1:  
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                             𝑁 =  
4𝐴𝑔
𝜋∙𝐷32̅̅ ̅̅ ̅
2                                (1) 
where N is the number of bubbles touched by the glass slide (-), 𝐴𝑔  is the area of the glass slide 
covered by the bubbles (cm
2
), and 𝐷32̅̅ ̅̅ ̅̅  is the Sauter mean bubble diameter in the froth (cm). The 
surface area of the bubbles collected by the glass slide can be calculated by Equation 2: 
                       𝐴𝑏 =  0.5𝑁 ∙ 𝜋 ∙ 𝐷32̅̅ ̅̅ ̅
2
= 2𝐴𝑔                    (2) 
where 𝐴𝑏 is the surface area of the bubbles attached to the glass slide (cm
2), and the factor of “ 0.5 ” 
is introduced because only half of the surface area of each bubble is attached to the glass slide. The 
bubble loading can be calculated by Equation 3: 
                                  𝐿𝐵 =  
𝑀
𝐴𝑏
=  
𝑀
2𝐴𝑔
                                    (3) 
where 𝐿𝐵 is the bubble loading (g/cm
2
), and M is the dry mass of solids collected on the glass slide (g).  
It should be pointed out that this method may underestimate the absolute bubble loading as there may 
be a fraction of chalcopyrite which should have stayed on the lamellae distributed in the Plateau 
borders and vertices. However, it is believed that the relative bubble loading variation between tests 
should be reflected by using this method. 
As silica is hydrophilic and cannot attach on the lamellae, only chalcopyrite particles were present on 
the lamellae in this work. The shape of the chalcopyrite particles on the lamellae is assumed to be 
spherical. The mean particle diameter of the solids on the lamellae is represented by that in the 
concentrate, which was sized for the purpose. It is assumed that the particles exhibit monolayer 
distribution on the lamellae. Hence, the area that a particle occupies on a lamella is equal to its 
projected area. The fraction of the lamellae covered by solids can be calculated by Equation 4, by 
considering the density of the solid particles (i.e. chalcopyrite).  
                         𝜗 =  
30000𝐿𝐵
2𝜌𝑐∙𝑃50̅̅ ̅̅ ̅
                 (4) 
where 𝜗 is the fraction of the lamellae covered by solids (-), 𝜌𝑐  is the chalcopyrite density (4.18 
g/cm
3
), and 𝑃50̅̅ ̅̅   is the mean particle size of the concentrate (µm).  
3. Results and discussion 
3.1 Froth rheology calculations 
The measured raw data obtained from the vane rheometer (i.e. torque and vane speed) were converted 
to shear rate and shear stress using the methods previously developed by Li, et al. [14]. It was found 
that froth in this study exhibits a small yield stress, and the apparent viscosity, calculated as the ratio 
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of shear stress to shear rate, could be be fitted well as a function of the shear rate values using a power 
law model as shown in Equation 5 [22]: 
        𝜂 =  𝜇 ∙ ?̇? 𝑛−1                             (5) 
where 𝜂 is the apparent viscosity (Pa·s), 𝜇 is the consistency index (Pa·sn), ?̇? is the shear rate (s-1) and 
n is the flow index (-). Consistency index gives an idea of the viscosity of the fluid and flow index 
indicates the deviation of the fluid from Newtonian fluid [22].  
In order to better interpret how froth rheology varies with shear rate, the apparent viscosity was 
plotted versus shear rate on a log-log scale (Figure 2). Figure 2 shows that the obtained froth 
rheograms show similar slopes, which are determined by the values of the flow index in Equation 5. 
Hence, it is expected that the flow indices are very close in value. Björn, et al. [22] have suggested 
that the consistency index can be used to compare the viscosity of fluids when the fluids have similar 
flow indices. The flow indices for the six tests with their 95% confidence intervals are plotted in 
Figure 3. Paired t-tests were performed to test the significance of the observed difference between 
each pair of n values using Equation 6. The details of the method can be found in the previous study 
[17].  
𝑡 =  
𝑛1− 𝑛2
√2𝑆 𝐸𝑛
2
                                        (6) 
where 𝑆𝐸𝑛 is the calculated average standard error for the n values.  
It is calculated that the critical difference between each pair of flow indices should be greater than 
0.54. When the difference of each two indices is greater than 0.54, it can be statistically concluded 
that the two froth bear different rheological characteristics. Figure 3 shows that the difference between 
each pair of flow indices is less than 0.54. Therefore, it is concluded that there is no statistical 
difference between the n values. As a result, n can be treated as a constant in the factorial tests, and 
the froth rheology can be evaluated in terms of the consistency index only.  
3.2 Effect of flotation operating variables on froth rheology 
The effect of flotation conditions (i.e. feed grade and frother dosage) on the froth rheology 
(consistency index) is discussed in this section. Figure 4 shows a positive relationship between the 
consistency index and the feed grade, which is in line with the findings of the authors’ previous study 
[17]. According to the statistical analysis, there is 91% confidence that the slope of this relationship is 
positive.  
Figure 5 shows the variation of consistency index with frother dosage. Statistical analysis shows that, 
with 95% confidence, no correlation exists between the consistency index and the frother dosage. It is 
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well known that increasing the frother dosage can decrease the bubble size, which in turn increases 
the total bubble surface area per volume of froth. This results in a decrease in the fraction of the 
lamellae covered by solid particles [21] which could potentially result in counteracting effects on 
froth viscosity. In this study, these consistent trends were not observed, with the trends between 
bubble size and frother dosage and bubble surface coverage and frother dosage, changing with 
flotation feed grade, indicating that there are complex interactive effects involved. The net result of 
these interactions was that frother dosage exhibited no overall effect on froth viscosity.   
In summary, the froth viscosity has a positive correlation with the feed grade, while the frother dosage 
exhibits no effect on the froth viscosity (within the studied range).   
3.3 Effect of froth properties on froth rheology 
The bubble size and the fraction of the lamellae covered by solid particles were identified by Li, et al.  
[17] as the two froth properties that define the froth rheology. However, these relationships have not 
been previously validated. In this section the effects of these froth properties on the froth rheology 
will be validated using the data obtained in this factorial design study.  
A summary of the froth properties determined from the experimental program and the data required 
for the subsequent calculation of the fraction of the lamellae covered by solid particles (using 
Equation 4) are shown in Table 2. 
Figure 6 shows a negative correlation between the froth consistency index and the bubble size in these 
tests, with a confidence interval of 76%. There is scatter in these data, which is expected in a system 
where multiple froth characteristics affect the result. It is expected that the confidence interval could 
be higher if more data were available. Note that this correlation is in line with the findings of the 
previous study by the authors [17]. Smaller bubble size leads to longer overall lamellae in froth which 
dissipate more shearing energy and increase froth viscosity [23].  
Figure 7 shows a positive relationship between the consistency index and the fraction of the lamellae 
covered by solids. According to regression analysis, there is a 93% confidence that the slope of the 
relationship between the consistency index and the fraction of lamellae covered by solids is positive 
and non-zero. The particles on lamellae roughen the bubble surface and subsequently dissipate more 
energy to shear the bubbles, resulting in higher viscosity [17].  
Figures 7 and 8 show that the bubble size and the fraction of the lamellae covered by solids have the 
same effect on the froth rheology as observed in the previous study [17]. This validates the outcomes 
of the previous study and further proves that the response of froth rheology to the bubble size and the 
fraction of the lamellae covered by solid particles is independent of the tested system.  
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3.4 Validation of the previously developed froth rheology model 
Li, et al. [17] developed a froth rheology model as a function of the gas hold-up, the bubble size and 
the fraction of lamellae covered by solid particles (Equation 7). They developed their model based on 
the rheology model for aqueous foam (i.e. without solid particles) introduced  by Princen and Kiss [24] 
due to similar topological structure:  
𝜂 = (𝜀𝑓 − 0.73)(
𝐷32̅̅ ̅̅ ̅?̇?
2𝑘0𝜗
)−0.5                     (7) 
where 𝑘0 is the constant representing those parameters of the system that should not change between 
the experiments (Pa·s·N·cm
−1
), 𝑘0 was found to equal 1.22 Pa·s·N·cm
−1
; 𝜀𝑓 is the gas hold-up in the 
froth (-). Equation 7 was used to predict the apparent viscosity of the froth at the different shear rates 
generated during each test in this study. The calculation of gas hold-up is based on the volumetric 
flow rate of the concentrate and the flow rate of air added into the flotation cell. More details can be 
found in the previous study [17].  
This section aims to validate the froth rheology developed in the previous study. Figure 8 compares 
the predicted and experimental values of apparent viscosity. The deviation is 1% and the correlation 
coefficient (R
2
) is 0.89.  
It is concluded that the developed model (Equation 7) is able to predict the froth rheology, irrespective 
of the flotation conditions. It is therefore expected that this model to be applicable in various flotation 
systems. The only adjustable parameter in this model is 𝑘0. In both current and previous studies [17], 
the 𝑘0 value was found to be 1.22 Pa·s·N·cm
−1
. This may be because the same ore type was used in 
the two studies (a mixture of chalcopyrite and silica). It is unclear whether this parameter would be 
significantly affected by the ore hydrophobicity, which might affect the interfacial tension between 
bubbles. It is recommended this model to be tested in different flotation systems involving variation in 
ore hydrophobicity, with the objective of determining whether the developed model can be used 
universally to predict flotation froth rheology.  
4. Conclusions 
A factorial program was designed to study the effect of flotation operating conditions on the froth 
rheology. It was found that, within the boundaries of this program, varying the frother dosage has no 
significant influence on the froth rheology, while the feed grade exhibits a positive correlation with 
the froth viscosity over a wide range of values. This study also validated the correlations between the 
froth rheology and froth properties as found in the previous work, as well as the model previously 
developed to predict the froth rheology. The froth rheology has a negative correlation with the bubble 
size, and a positive correlation with the fraction of the lamellae covered by solid particles. The model 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
developed in the previous study is therefore, able to adequately predict the apparent froth viscosity, 
indicating that this model is indeed variable independent (in the tested system).  
Note that the effect of frother type on froth rheology needs to be investigated. Some frothers tend to 
generate wet froth while others result in dry froth. Froth wetness could significantly affect the froth 
rheology. Hence, studying the importance of frother type in froth rheology is recommended for future 
work.   
It is also acknowledged that clay minerals and fine hydrophobic minerals (e.g. talc) could 
significantly affect froth rheology as fine particles can be heavily entrained into froth phase which 
would attach to the lamellae rather than stay in the Plateau border or in the vertices. It is necessary to 
investigate the effect of such minerals on froth rheology in future 
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Table 1 Factors and their levels for the factorial design 
Test Feed grade (%) Frother dosage (ppm) 
1 0.5 10 
2 0.5 15 
3 1.0 10 
4 1.0 15 
5 5.0 10 
6 5.0 15 
 
 
 
 
Table 2 Summary of froth properties and required data for calculation 
Test M (g) A (cm
2
) P50 (µm) 𝐷32̅̅ ̅̅ ̅ (cm) 𝜗 (-) μ (Pa.s
n
) 
1 0.023 38.38 10.10 1.02 0.109 1.13 
2 0.030 38.38 12.55 1.09 0.110 1.39 
3 0.054 38.38 13.75 0.90 0.183 1.42 
4 0.036 38.38 14.35 1.01 0.118 1.47 
5 0.082 38.38 18.63 0.84 0.206 1.97 
6 0.072 38.38 20.33 0.78 0.166 1.50 
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Figure 1 Schematic of the glass slide being placed on the surface of the froth 
Figure 2 Froth rheograms determined for the factorial design tests at different feed grades and frother 
dosages 
Figure 3 Distribution of flow indices over the factorial design tests with 95% confidence intervals 
Figure 4 Correlation between consistency index and feed grade for the six factorial design tests 
Figure 5 Correlation between consistency index and frother dosage for the factorial design tests 
Figure 6 Effect of bubble size on the consistency index for the factorial design tests 
Figure 7 Effect of fraction of lamellae covered by solids on the consistency index in the factorial 
design tests 
Figure 8 Validation of the froth rheology model using the experimental data for the factorial design 
tests 
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Highlights 
 The effect of feed grade and frother dosage on the froth rheology was studied 
 Feed grade affected the froth rheology, but frother dosage showed no effect 
 The froth rheology model developed in the previous study was validated 
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